and fourth (+15.9 to +20.9 mm Hg) quartiles of MAP change were associated with a decrease in sCr. A similar but stronger correlation was found among 14 patients treated with norepinephrine either after failing midodrine/octreotide (n = 10) or de novo (n = 4; p = 0.002), where a rise in MAP of +19.2 to 25 mm Hg was associated with a larger reduction in sCr. Associations remained significant after adjustment for baseline parameters. Conclusions: The magnitude of MAP rise during HRS therapy with midodrine/octreotide or norepinephrine correlated with a reduction in sCr concentration. Our results suggest that achieving a pre-specified target of MAP increase might improve renal outcomes in hepatorenal AKI.
Introduction
Hepatorenal syndrome (HRS) type 1 is an ominous complication of cirrhosis with portal hypertension characterized by acute, rapid and severe deterioration of kidney function that is associated with significant morbidity and mortality [1, 2] . Current pharmacotherapy for HRS centers on the use of vasopressors including vasopressin
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Terlipressin has been the preferred drug for the treatment of HRS in Europe, Canada and Asia; however, the 2 largest randomized controlled clinical trials ever conducted to evaluate the efficacy of terlipressin in HRS failed to reach the primary end point of decrease in serum creatinine (sCr) level to ≤ 1.5 mg/dl sustained for at least 48 h without death, dialysis or HRS relapse by day 14 [16, 17] . Because terlipressin is not approved for use in the United States, the combination of midodrine/octreotide is widely used as first-line treatment for HRS in the United States and is recommended by the American Academy for the Study of Liver Diseases [18] . In a seminal study, the combination of midodrine/octreotide was effective in reversing HRS in 3 out of 5 (60%) of the subjects compared to 0 out of 8 who were treated with low-dose dopamine [10] . Subsequently, 2 retrospective studies also suggested a potential benefit of the midodrine/octreotide combination [11, 13] . However, a lower efficacy rate for midodrine/octreotide has been reported more recently [19] , a finding that is consistent with our anecdotal clinical observations of poor success rate of this treatment modality.
A meta-analysis of 37 cohorts from 21 studies assessing the efficacy of various vasoconstrictors in HRS revealed that regardless of the drug utilized or baseline value of mean arterial pressure (MAP), improvement in kidney function during HRS therapy strongly correlated with the magnitude of the concomitant rise in MAP [20] . This observation agreed with other contemporary studies that reported a similar relationship between MAP gain and positive renal outcome [21, 22] . However, the metaanalysis was conducted without access to individual patient data. Thus, we sought to corroborate the relationship between MAP gain and improvement in kidney function by accessing individual patient data in a cohort of HRS subjects treated with vasoconstrictors in our institution. Because of published evidence showing comparable efficacy to that of terlipressin [23, 24] , norepinephrine has become an attractive alternative to midodrine/ octreotide. Therefore, both therapeutic approaches were examined independently in this study. We hypothesized that a relationship between attained MAP gain and subsequent decrease in sCr concentration would be present in cirrhotic subjects treated with either midodrine/octreotide combination or norepinephrine for acute kidney injury (AKI) presumed to be due to HRS.
Methods

Subjects and Study Design
This was a single-center retrospective study conducted at the Medical University of South Carolina (MUSC). The primary objective of the study was to determine the relationship between changes in MAP attained during treatment of HRS with either midodrine/octreotide combination or norepinephrine and changes in kidney function as determined by a change in sCr concentration. The current practice at the MUSC is to treat patients with HRS with midodrine/octreotide or norepinephrine; other vasoconstrictors are not used to treat HRS. Upon approval by the Institutional Review Board at the MUSC and in accordance with the Declaration of Helsinki, we queried institutional electronic medical records to search for adult patients 18-80 years of age with a discharge diagnosis of cirrhosis who experienced HRS and/or AKI (or acute renal failure) during hospitalization between December 2008 and December 2013, according to the International Classification of Diseases-9 coding. We abstracted data from those who received a combination of midodrine/octreotide or norepinephrine during their hospital stay. Physician documentation must have explicitly stated that the indication for intravenous vasopressors was for HRS in order to be included in the primary cohort. Subjects were excluded for the following reasons: duration of therapy less than 24 h, development of shock or death within the first 24 h of initiation of therapy, use of (or -addition of -for norepinephrine-treated patients) intravenous vasopressor or inotrope preceding or administered during therapy, renal replacement therapy preceding or administered during therapy, prior history of transjugular intrahepatic portosystemic shunt, autonomic dysfunction or concomitant malignancy.
Clinical Data Collection and Measured Variables
Demographic, clinical and laboratory data were collected for each subject. The Model for End-Stage Liver Disease (MELD) score was calculated based on parameters obtained on the day of therapy initiation. Up to 12 values of automated cuff systolic blood pressure (SBP) and diastolic blood pressure (DBP) were collected per day for each patient. Values closest to 2-hour intervals were selected. These values were used to calculate a daily mean MAP, according to the equation MAP = (SBP + 2 (DBP))/3. Dosing of midodrine/octreotide, norepinephrine, albumin and other medications were reviewed. The titration of therapy was considered inadequate if a minimal rise in MAP of 15 mm Hg was not observed, unless the maximum dose was reached, that is, midodrine 15 mg thrice a day, octreotide 200 μg twice a day or norepinephrine 80 μg/min. Daily sCr was collected from the first morning blood draw. The sCr obtained in the morning (closest to 4: 00-5: 00 a.m.) of the day of initiation of vasoconstrictor therapy was considered the baseline, whereas baseline MAP was extracted from the preceding day, in order to examine the clinical effect of MAP change on sCr measured the following day. Data collection was stopped when therapy drug was discontinued, a second vasopressor or renal replacement therapy was initiated, a patient underwent a TIPS 193 procedure, died or was discharged from the hospital. A fraction of patients were switched from midodrine/octreotide to norepinephrine. For those patients, data from each treatment period were collected and analyzed independently. No patient was switched from norepinephrine to midodrine/octreotide. No dual therapy was included in this study.
To verify the accuracy of the diagnosis of HRS adjudicated by the treating physicians, medical records were reviewed to determine if the identified subjects met the 2007 International Ascites Club (IAC) criteria [25] . This definition requires failure to respond to volume expansion with intravenous albumin. To account for a hospital policy restricting the use of intravenous albumin, volume expansion with intravenous crystalloid solution was accepted, as outlined in the 1996 definition of HRS [26] . Accordingly, either 1 g/kg (or 100 g) of intravenous albumin or 1.5 l of normal saline had to be given to each patient before the diagnosis of HRS was made and within 48 h prior to initiation of treatment with a vasoconstrictor. Otherwise, the remainder of the IAC criteria was strictly followed. Patients who met the IAC criteria were categorized as definite HRS. Otherwise, the entire cohort of all patients with adjudicated HRS diagnosis was categorized as presumed HRS or hepatorenal AKI.
Statistical Analysis
To test whether there was a significant correlation between subjects' change in MAP during their hospitalizations and their change in sCr, a series of generalized linear mixed models (GLMMs) were used. GLMMs are ideal for modeling repeated measures obtained within the same subjects over time [27] , as they account for the fact that measurements within subjects tend to be strongly correlated with one another. Subjects' baseline sCr values were subtracted from their daily values in order to obtain daily sCr change scores for each subject. Subjects' baseline MAP values were then subtracted from their daily MAP averages to obtain daily MAP change scores. Within the GLMMs, subjects' daily sCr change scores served as the dependent variable, and their MAP change (with a 1 day lag time) served as the primary independent variable. Baseline sCr and MAP values were included as covariates, as were the subjects' baseline MELD scores and the time elapsed between the value and the baseline measurement. The GLMMs included random effects for subjects' intercepts and slopes and incorporated an unstructured covariance structure, since this approach yielded the best model fit according to the Akaike Information Criteria [28] . GLMMs were created for the presumed HRS and the definite HRS cohorts treated with midodrine/octreotide and for the cohort who received norepinephrine. Having 73 patients available for the primary analyses provided 80% power to detect whether changes in MAP explained as little as 11% of the variation in sCr changes. All analyses were performed using SAS statistical software, version 9.4 (Cary, N.C., USA). Figure 1 shows the flow chart that was followed for patient identification. Of 164 patients with cirrhosis and presumed HRS as a cause of AKI who received midodrine/octreotide, 91 were excluded (primarily due to concomitant shock or dialysis or duration of therapy <24 h), leaving 73 patients for the primary analysis. Sixteen of those 73 patients were switched from midodrine/octreotide to norepinephrine due to failure to improve kidney function during midodrine/octreotide combination, but 6 were excluded, leaving 10 for analysis for the norepinephrine cohort. Of 5 patients who received norepinephrine as primary treatment for HRS without prior midodrine/octreotide therapy, 1 was excluded, leaving 4 additional patients, for a total of 14 patients in the norepinephrine cohort ( fig. 1 ) . The baseline characteristics of the study participants are shown in table 1 . Because all study patients exhibited a rapid deterioration of kidney function prior to therapy, they were deemed compatible with a type 1 HRS diagnosis.
Results
Patient Characteristics
Midodrine/Octreotide Cohort
For the 73 subjects with presumed HRS who received treatment with midodrine/octreotide, the median total daily dose of midodrine was 22 mg (range , and the median total daily dose of octreotide was 380 μg/day (range 200-400). In 88% of the patients, the starting doses were 5 mg thrice a day orally and 100 μg twice a day subcutaneously, for midodrine and octreotide, respectively. The primary analyses to assess for a correlation between change in MAP and change in sCr are presented in table 2 . Results are provided for the entire cohort (i.e., the presumed HRS cohort, n = 73) as well as the definite HRS subset (n = 27). The observation period had a median duration of 6 days (interquartile range [IQR] 4-10) for the presumed HRS group and 6 days (IQR 4-11) for the definite HRS. After adjusting for relevant covariates (sCr at baseline, MAP at baseline, day of therapy and baseline MELD score), there was a significant association between MAP change from baseline and change in sCr from baseline (presumed HRS: beta -0.014, p = 0.0005; definite HRS: beta -0.037, p = 0.002). Beta estimates reflect the estimated change in sCr associated with a 1 unit increase in the independent variable, with negative values indicating decreases in sCr and positive values indicating increase in sCr. In this case, a 10 mm Hg increase in MAP was associated with an average reduction in sCr of 0.14 mg/dl in the presumed HRS cohort and of 0.37 mg/dl in the definite HRS cohort. Baseline creatinine, baseline MAP, MELD score and day of HRS therapy were not predictive of creatinine change. The absolute value of the beta estimate was larger in the definite HRS cohort than in the presumed HRS cohort, suggesting that the observed correlation was stronger in the definite HRS cohort. When subjects were grouped into quartiles with re- 
Norepinephrine Cohort
For the 14 patients with presumed HRS who received treatment with norepinephrine, the starting dose of norepinephrine was 5 μg/min and the median peak infusion rate was 28 μg/min (range 5-70). The observation period had a median duration of 4 days (IQR 4-6) for the presumed HRS group and 4 days (IQR 3-7) for the definite HRS. Among norepinephrine-treated patients (n = 14), there was a significant correlation between increase in MAP and reduction serum in creatinine (beta -0.042, p = 0.002) ( table 3 ). The absolute value of the beta estimate was larger in this subset than in the midodrine/octreotide cohort, suggesting that the estimated correlation between sCr change and MAP change was stronger during norepinephrine therapy. A 10 mm Hg increase in MAP was associated with an average reduction in sCr of 0.42 mg/dl in this cohort. Baseline MAP, MELD score and day of HRS therapy were not predictive of creatinine change, but higher baseline sCr was associated with worsening sCr. When data were separated based on maximum change in MAP, greater increases in MAP were associated with greater declines in sCr ( fig. 3 ) . Of the 14 patients who entered the primary analysis in this subgroup, only 6 were categorized as definite HRS, but because of its small sample size, a separate statistical analysis was not performed for this subset. The clinical course of the all norepinephrine-treated patients is depicted in figure 4 . Table 4 shows the outcomes of patients treated with either midodrine/octreotide or norepinephrine. Notably, the proportion of patients with a MAP rise >15 mm Hg or a significant decrease in sCr was lower in the midodrine/octreotide-treated group. In addition, urinary volume tended to increase more consistently for those with definite HRS treated with norepinephrine. No difference in death or dialysis was seen.
Clinical Outcomes
Discussion
This study provides several findings of clinical importance to HRS management. First, these data suggest that midodrine/octreotide therapy may have a significantly lower efficacy rate than previous studies have reported [10, 13, 29] . Additionally, midodrine/octreotide therapy fails to accomplish the primary goal of raising MAP in a large percentage of patients with hepatorenal AKI. Moreover, our findings demonstrate a significant correlation between the magnitude of the increase in MAP and improvement in kidney function during either midodrine/ octreotide or norepinephrine therapy for hepatorenal AKI. These results are in agreement with previous reports demonstrating a relationship between MAP gain and renal outcomes [20] [21] [22] 30] . Because our findings were gen- erated from a large number of data points per patient and from close examination of a wide range of MAP changes, the signal detected was robust and strengthens the notion of MAP gain as a therapeutic target. Additionally, our data are derived from a cohort reflecting actual clinical practice. The association was present regardless of the baseline value of MAP or MELD score. As other forms of intrinsic AKI are not expected to improve as a result of increasing MAP beyond 70-75 mm Hg [31] [32] [33] [34] , the observed correlation appears to be a distinct feature of hepatorenal AKI. Furthermore, as discussed below, the magnitude of the rise in MAP appears to be of particular importance. As a surrogate of kidney function, we used sCr concentration. Although sCr in critically ill patients can be influenced by fluid balance [35] , loss of muscle mass and other factors, it may reflect changes in kidney function in most patients. A potential explanation for our findings may lie in the mechanistic underpinnings of HRS. The particular importance of MAP in determining renal perfusion pressure with HRS is highlighted by studies demonstrating that HRS subjects may experience a pathological linearization of the renal autoregulatory curve. In dogs subjected to carotid artery ligation, Persson et al. [36] demonstrated that overactivation of the sympathetic nervous system results in a rightward shift of the renal autoregulatory curve increasing 197 the lower limit of autoregulation from ∼ 63 to 91 mm Hg for renal blood flow and from ∼ 77 to 102 mm Hg for glomerular filtration rate. Applying those observations to cirrhotic subjects, a similar dependency of renal blood flow on renal perfusion pressure was later demonstrated to be more pronounced among cirrhotics with HRS [37] . Therefore, we speculate that large increases in MAP during vasoconstrictor therapy HRS may allow overcoming the pathological resetting of the renal autoregulatory curve.
Within the midodrine/octreotide cohort, the analysis restricted to patients who fulfilled the IAC criteria for HRS revealed even a stronger correlation between MAP increase and positive renal outcome. Nevertheless, we consider the analysis of the presumed HRS cohort of value as it is representative of actual clinical practice. While a set of criteria is intended to guide physicians to correctly identify patients with HRS, clinical scenarios of patients with AKI in the setting of liver cirrhosis are often cloudy, and even with available diagnostic criteria, reaching a unanimous diagnosis is frequently a challenging task, and there is no gold standard for the diagnosis of HRS. In our study, a significant fraction of patients from the presumed HRS cohort did not qualify to be categorized as definite HRS because of minor urinary abnormalities or abnormal findings on renal ultrasound. In many instances, prior laboratory values and/or radiology reports were not available to determine the acuity of those findings. Because many individuals with liver cirrhosis may have an underlying chronic renal parenchymal disease, we may have disqualified subjects with true acute hepatorenal physiology that was superimposed over an underlying chronic renal pathology [38, 39] scenarios that have been termed type 3 HRS [40, 41] . Therefore, to account for that uncertainty, we termed our presumed HRS population as a more global category of hepatorenal AKI.
Norepinephrine induces vasoconstriction of the renal vasculature and, as such, its efficacy in HRS is somewhat a Includes those who failed midodrine/octreotide prior to receiving norepinephrine (n = 10) and those who were treated de novo (n = 4); b 6 out of the 14 patients qualified as definite HRS. counterintuitive. As a result, it has not been widely adopted as treatment for HRS despite 4 head-to-head controlled trials demonstrating equivalent efficacy to terlipressin [7, 8, 42, 43] . As observed in the midodrine/octreotide cohort, we found a significant correlation between the magnitude of the rise in MAP and the decrease in sCr. Moreover, the correlation was stronger in norepinephrine-treated patients. However, the sample size of the norepinephrine-treated subset is small. Furthermore, a selection bias cannot be excluded because only a fraction of midodrine/octreotide-treated patients went on to receive norepinephrine and a true crossover was not feasible. Patients' eligibility for liver transplantation may have influenced the enthusiasm of the treating physician to transition the treatment to norepinephrine. Unlike our study, a recent prospective study found comparable efficacy of norepinephrine and midodrine/octreotide in 23 subjects with HRS [44] . Importantly, the attained rise in MAP was also similar between groups, an aspect that lends further support to our findings that MAP gain is a key predictor of treatment response. The inconsistent rise in MAP in our midodrine/octreotide-treated patients may reflect therapeutic inertia, inadequate awareness of the importance of pursuing dose up-titration, inconsistent use of albumin infusion or attenuated vasopressor effect in our patient population due to disease severity. The erratic performance of midodrine/octreotide as vasoconstrictor therapy has led to a temporal trend to an Norepinephrine is a more potent vasoconstrictor, is more rapidly titratable than midodrine and its use inherently requires more intense blood pressure monitoring. If MAP increase is the most important determinant of recovery of renal function, then identifying the minimum required MAP elevation is an important goal. A previous study found that a 5 mm Hg of rise in MAP by day 3 during terlipressin therapy was associated with an OR of 9.3 for HRS reversal [21] . However, that relationship seemed lost after adjustment for serum bilirubin. Others have shown that a MAP gain >10 mm Hg might be associated with a positive renal outcome [30, 45] . Moreover, clinical trials assessing the use of norepinephrine have been designed to target a rise in MAP of 10 mm Hg. Our study was not designed to search for a specific cutoff value. However, our observations suggest that an appropriate cutoff might be around 15 mm Hg, as individuals who experienced this change tended to have a significantly greater improvement in sCr ( fig. 2 and 3 ). Of note, the seminal study by Angeli et al. [10] , which first demonstrated the efficacy of midodrine/octreotide therapy in HRS, required a dose up-titration with a goal of achieving a 15 mm Hg rise in MAP. Interestingly, only 26% of midodrine/octreotide-treated patients in our cohort achieved a rise in MAP of 15 mm Hg or higher.
Our study has several limitations. First, its retrospective design does not allow for the determination of causality. Second, because it is an observational single-center study, it may not be entirely generalizable to all centers where HRS patients are medically managed. Third, although the association between gain in MAP and improvement in renal outcome was found to be statistically significant, the absolute change in sCr was somewhat modest as demonstrated by the beta estimates. However, the magnitude of the observed correlation was more robust for the definite HRS cohort, suggesting that misclassification of HRS could have partially accounted for the more modest benefit seen in the presumed HRS cohort. Fourth, cirrhotic individuals with HRS and tense ascites are known to have increased intra-abdominal pressure (IAP). In that setting, renal perfusion pressure corresponds to the difference between MAP and IAP. Because IAP was not systematically measured in our cohort, we cannot determine whether the presence of intra-abdominal hypertension in some subjects may have attenuated the net effect of a MAP rise and influenced our results. Finally, only 25% of patients in our cohort were concomitantly treated with daily intravenous albumin despite current guidelines for HRS management. Therefore, our findings may not be generalizable to treatments that include simultaneous albumin infusion. In summary, our findings demonstrate an association between the magnitude of an attained rise in MAP and improvement in kidney function during vasoconstrictor therapy for hepatorenal AKI. Although a fairly intuitive notion, it remains underexploited in clinical grounds. This report calls for attention to this neglected principle. Our data suggest that norepinephrine might be more effective in both consistently raising MAP and reverting hepatorenal AKI compared to midodrine/octreotide combination. However, a large-scale prospective randomized study would be needed to confirm these findings as well as to evaluate its cost and risk-benefit ratio. In addition, the minimum required MAP elevation to achieve a beneficial effect of kidney function remains speculative and would also require a prospective study to confirm.
